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ABSTRACT

The effects of nonuniform combustor exit temperature

profiles on vane and rotor heat transfer were determined us-

ing a steady-state three-dimensional Navier-Stokes analysis.
Both radial and tangential nonuniform temperature profiles

were individually considered. Comparisons are made with

experimental data for the effects of a radial temperature

nonuniformity on rotor heat transfer. There was a decrease
in stator heat load, and an increase in rotor heat load for

a radial temperature distribution typically seen at the com-

bustor exit. Tangential variations in stator inlet temperature

produced significant variations in stator heat load, and re-

sulted in average rotor heat load greater than for the uniform

inlet temperature case. Rotor heat load was also calculated

for different stator wake locations. Accounting for the stator
wake position at the rotor inlet gave a greater average rotor

heat load than that obtained by averaging the stator exit

flow field in the tangential direction. The increase was most

notable on the rotor pressure surface.

Nomenclature

c True chord

c_ - Axial chord
h - Heat transfer coefficient

k - Thermal conductivity
Nu Nusselt number

q - Heat flux
r - Radius

St - Stanton number

s - Surface distance

T - Temperature

3' - Specific heat ratio
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Subscripts

HUB

IN

MAX

MIN

NU

PROFILE

RANGE

REL

r

TIP

WALL

Superscripts
I

l/

Ratio of temperature differences

Hub

Gas inlet

Maximum

Minimum

Nonuniform

Nonuniform profile - Radial or Tangential

Range of values
Relative to uniform

Radial

Casing
Surface

Absolute total condition

Rotor relative total condition

Average

INTRODUCTION

In actual gas turbine engine operation the temperature
field at the combustor exit is not uniform. To limit combus-

tor metal temperatures the midspan temperature is signifi-

cantly higher than the average gas temperature. Gas tem-

perature variations in the blade-to-blade direction also oc-

cur. These turbine inlet temperature variations affect the

local heat load for both stator and rotor blades. Spanwise

variations in temperature at the combustor exit were docu-

mented by Cox(1975), and Suo(1985). Pitchwise variations

in combustor exit temperature can also be present. Crocker

et a1.(1994) presented data showing the pitchwise variation

in temperature to be as large as the spanwise variation.



Severalresearchershavereportedexperimentalandnu-
mericalstudiesofthechangesin theturbineflowfieldresult-
ingfromnonuniformconditionsatthestatorinlet.Butleret
a1.(1986)showedexperimentallythat,whenheatedair was
introducednearmidspanat thestatorinlet,segregationof
thefluidoccurredwithin therotorpassage.Coldfluidmi-
gratedtowardsthesuctionsurface,andhotfluidmigratedto-
wardsthepressuresurface.SaxerandGiles(1990)presented
anEuleranalysiswhichledtothesameconclusionsasButler
et a1.(1986)regardingthesegregationof hot andcoldfluid
withintherotorpassage.HeselhausandVogel(1995)useda
threedimensionalNavier-Stokesanalysisto showthat ara-
dial temperatureprofilesignificantlyloweredstatorsuction
surfaceheatloadin theregioncloseto theendwall.

Theflowandsurfaceheattransferfor therotorandto
a lesserextentthestatorareinherentlyunsteady.Gener-
ally, investigatorshavefocusedonobtainingtheunsteady
pressuredistributionfor a turbinestage. Jorgenson and

Chima(1988), and Rao et a1.(1992) presented the results of
an unsteady analysis for the midspan pressure distribution

of a turbine stage. Davis et a1.(1996) presented results for a
three dimensional Navier-Stokes computational analysis for

the unsteady flow field for a multi-stage configuration. Taka-

hashi and Ni(1991) compared their analysis of a hot streak on
the flow distribution within a turbine with the experimental

data of Butler et a1.(1986).

Compared to surface pressures, predictions of heat trans-

fer require significantly more iterations for convergence.

Closer grid spacing near the surface are also required for
heat transfer predictions. For these reasons unsteady Navier-

Stokes predictions of surface heat transfer have been confined

to the midspan region. Rao et al.(1992a) showed predictions

and comparisons with experimental data for the midspan of

a turbine stage. When a radially varying inlet temperature
profile is present the flow field is even more three dimensional

than for a uniform inlet profile. It was felt that a three-

dimensional analyses was necessary, but that an unsteady

analysis would require excessive CPU time. It was estimated

that a three-dimensional unsteady analysis of surface heat

transfer would require several hundred supercomputer CPU

hours, even if the acceleration techniques proposed by Davis

et a1.(1996), and by Arnone and Pacciani(1996) were used.

To determine the effects of variations in stator inlet tempera-
ture several cases would have to be examined. Because of the

large CPU time requirements an unsteady analysis was not
done. In the approach taken the stator flowfield was decou-

pled from the rotor. The stator was analyzed for a number

of different inlet temperature profiles. The output for each

case was then used as input for the rotor analysis. Generally,

the flow field was not averaged in the tangential direction.
This approach has some similarities to the one advocated

by Dorney et a1.(1996) in their analysis of unsteady turbo-

machinery flows. The approach used herein has the added

simplification that the unsteadiness at the stator exit on the
stator flow field was not considered.

The objective of this work is to quantify the variation in

local heat load due to temperature variations at the stator

inlet. It was determined that, especially for tangential vari-

ations in temperature, averaging the stator exit flow field for

input to the rotor analysis would not adequately determine

the effects of stator inlet temperature variations on the ro-

tor heat transfer. A procedure was developed to maintain

the stator exit flow field characteristics while calculating the

rotor heat transfer. This procedure led to results which,

in addition to determining the average rotor heat transfer,
yielded the variation in rotor heat transfer due to the stator

wake being at different rotor inlet locations.

Results are presented for the single stage turbine de-

scribed by Shang et a1.(1995). This turbine was a high spe-

cific work stage with an overall pressure ratio of 4.3. Both the

stator and rotor exit Mach numbers were greater than one.

Comparisons are shown with the data of Shang et a1.(1995)
for the effects of a radial temperature distribution on rotor
heat transfer.

DESCRIPTION OF COMPUTATIONAL
ANALYSIS

The analysis was done using the steady-state three-

dimensional Navier-Stokes code, RVC.3D, described by

Chima(1991), and by Chima and Yokota(1988). Compar-
isous with experimental heat transfer data for both vanes

and rotors using this code have been reported, (Boyle

and Giel(1995), Boyle and Jackson(1995), and Boyle and
Lucci(1996)). The reported results were for cases in which

the inlet flow field was uniform in the tangential direction

for both vanes and rotors. A steady-state analysis was used
rather than a unsteady analysis because the focus of the work

was to explore the effects of nonuniform temperatures at the
stator inlet on both stator and rotor heat transfer. It was

felt that the relative effects of temperature nonuniformities

could be obtained without resorting to a three-dimensional

unsteady Navier-Stokes analysis. The analysis was done con-

sidering one blade row at a time. The stator heat transfer

was calculated assuming both uniform and nonuniform inlet

total temperature profiles. Since the stator inlet Mach num-

bers were low, the differences between the inlet static and to-

tal temperature profiles were small. The radial profiles were

parabolic in shape. The tangentially varying profiles were

sinusoidal in shape, with a period equal to the pitch of the

stator. A series of tangential profiles were considered, so that

the peak temperature was positioned at different locations

across the inlet to the computational domain of the stator.

Both the radial and tangentially varying inlet temperature

profiles were calculated to give the same average inlet total



temperatureastheuniforminlettemperaturebaselinecase.
Uniformtemperatureboundaryconditionswereimposedon
allsolidsurfaces.

The code RVC3D,(Chima(1991),and Chimaand
Yokota(1988)),utilizesafinitedifferenceapproachtosolving
the three-dimensionalNavier-Stokesequations.A Runge-
Kutta time marchingapproachwith locallyvaryingtime
stepsisusedtoobtainasteady-statesolution.Implicitresid-
ualsmoothingisusedto improveconvergence.C-typegrids
wereused,andalongtheouterboundaryof theC gridpe-
riodicitywasimposed.Theinletboundaryconditionsused
weresomewhatdifferentfor thestatorandrotor. Forsta-
totstheinletfreestreamtotalpressureandtemperaturewere
specified,alongwiththeinletboundarylayerthickness.The
exitstaticpressureat thehubwasspecified.Therewasno
swirlat the inlet,sothat thetangentialandradialveloci-
tieswerezero.Theaxialvelocity,andthusmassflow,was
determinedby theflowsolution.Aftera solutionwasob-
tainedfor aspecificsetof statorboundaryconditions,the
resultingflowfieldwasinterpolatedat aconstantaxialcoor-
dinate.Thiswaschosento be0.2c_behindthestator.The
resultsfromtheinterpolationbecametheinletflowcondi-
tionsfortherotor.Theflowvariablesatthestatorexitwere
geometricallyscaled,andusedasinputfor therotorheat
transferanalysis.Thetotal temperatureandalloftheother
flowvariableswereunchanged,but theirtangentialcoordi-
nateswerereducedby theratioofthestator-to-rotorblade
count.Therotorhubexitpressurewassetbasedonspeci-
fiedconditions.Theonlyinletvelocitythat wasallowedto
changeasthesolutionprogressedwastheaxialvelocity.The
overallmassflowchangedverylittle fromwhatwasinitially
specifiedduringthecourseofobtainingtherotorsolution.

Both Ameri and Arnone(1994),and Chiton(1996)
showedheattransfercomparisonsusingalgebraicandtwo-
equationturbulencemodels.Theyshowednosignificantim-
provementin heattransferpredictionfor thetwo-equation
turbulencemodelscomparedto the algebraicturbulence
model. However,the two-equationmodelsmay require
nearlytwicetheCPUtimeto converge.Therefore,anal-
gebraicturbulencemodelwasusedfor thepredictions.It is
theonedescribedbyChimaet a1.(1993).A fewpredictions
werealsomadeusingtheBaldwin-Lomax(1978)turbulence
model.Whilethechoiceofturbulencemodeldidaffectthe
heattransferlevelsomewhat,therelativeeffectsofanonuni-
forminlettotal temperaturewerenotaffectedbythechoice
of turbulencemodel.Fullyturbulentflowwasassumedfor
twoprimaryreasons.First,inactualapplicationstheflowis
likelyto beturbulentat or neartheleadingedge.Thehigh
levelof turbulenceat thecombustorexit is likelyto give
transitionnearthe leadingedge.If thereis film coolingat
theleadingedge,theboundarylayerswillbeturbulent.The
secondreasonforassumingfully turbulentflowwasto help

stator:
209x49x65

rotor:
177x49x65

Fig. 1 - Stage geometry and grid.

clarify the effects of inlet temperature nonuniformities. If
transition were allowed to occur along the vane surfaces, the

start and end of transition would be affected by the local

freestream temperature. Thus some of the indicated change

in heat transfer due to temperature nonuniformities would

be due to changes in the transition location, which could

also be brought about by changes in other factors such as
turbulence intensity.

C-type grids were generated using the code described

by Arnone et a1.(1992). In the near wall region grid lines

were embedded within a coarse grid. The coarse grid was

generated using Sorenson's(1980) technique. Different size

grids were used, the smallest being 177 x 49 × 65. In order to

accurately represent the nonuniform conditions at the stator

or rotor inlet, 16 grid cells were used at the inlet in the blade-

to-blade direction. Figure 1 illustrates the grids used for
both the stator and rotor. The RVC3D code was modified

to accept non-matching grid lines along the cut line from
the blade trailing edge stagnation point to the exit of the

computational domain. This facilitated having sixteen grid

cells at the inlet, without excessive shearing of the grid. The

exit was at least 0.5c_ beyond the trailing edge.

Computations were performed using the Cray C-90 at

the NAS facility at the NASA Ames Research Center. The

code was highly vectorized. The average CPU time per grid



pointper timecyclewas6 x 10-6 seconds.Heattransfer
resultstypicallytakestwo-to-threetimesasmanyiterations
to convergethandosurfacepressures.Thenonuniforminlet
casestooklongerto convergethantheuniforminletcases.
Generallythecaseswereconvergedin twoCPUhours,and
wererunup to anadditionalhourto assureconvergence.
Basedonan examination of the results from a large number

of cases, it is estimated that surface heat transfer differences
between cases of less than 10% should not be considered

significant.

DISCUSSION of RESULTS

Vane surface heat transfer will be presented first. Results

will be shown for a base case of a uniform inlet temperature

profile, a radially varying inlet temperature profile, and four

tangentially varying inlet temperature profiles. Each of these

six stator inlet profiles resulted in different flow conditions
at the stator exit. These flow conditions were then used to

determine the effects of variations in stator inlet tempera-

ture distributions on rotor surface heat transfer. Compar-
isons will be shown with the experimental data of Shang et

a1.(1995) for the effect of a radial temperature variation on
rotor surface heat transfer. The Reynolds number based on

stator true chord and isentropic exit conditions was 2.7 × 106.

The stator exit Mach number was 1.22, and 7 = 1.28. The

stage total pressure ratio was 4.3.

Stator heat transfer

Figure 2 shows the vane, hub, and casing Stanton num-

bers for the the uniform inlet temperature baseline case.

Heat transfer is shown in terms of Stanton number, with

the reference density and velocity based on the average con-
ditions at the exit of the vane row. The vane heat transfer is

shown for an unwrapped surface. The non-rectangular shape

of the contour plot boundary shows the endwall converging,

with most of the convergence occurring near the leading edge.

The Stanton number is relatively high in the leading edge
region compared to what would be expected from assuming

laminar flow because the analysis assumed fully turbulent

flow. The vane heat transfer shows little spanwise variation.

The peak Stanton number on the pressure surface occurs

close to the trailing edge, and approaches the same level as

the peak suction surface Stanton number, which occurs closer

to the leading edge. The hub and casing heat transfer dis-

tributions are similar. The peak hub heat transfer is in a

region close to the pressure surface, somewhat upstream of
the throat. The hub heat transfer shows some influence of

the passage shock emanating from the pressure side trailing

edge. The effects are somewhat diffused before reaching the

suction surface. The tip exit is subsonic, and the casing heat

transfer shows no evidence of a passage shock.

a) Vane surface

St × 103

b) Hub endwall

c) Casing endwall

Fig. 2 Stanton number distribution for stator of
transonic turbine.
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Fig. 3 - Stator inlet total temperature distributions
for transonic turbine.

A comparison of normalized total temperature profiles

for the uniform and radially varying cases is shown in figure

3. The average normalized inlet total temperature, _N, is

the same for both profiles. The hub and casing boundary

layer thicknesses are 5% of the span. At the surface the

gas and wall temperatures are equal, TWALL/_IN = 0.63.

Outside the endwall boundary layers the normalized total

pressure is 1. At each endwall surface the total pressure

equals the static pressure. The ratio of static-to-freestream

total pressure is 0.986.

Figure 4 compares the effects of the radial inlet profile

on vane and hub heat transfer in terms of the relative heat

transfer. Where:

hREL = 100 × (hpaormE -- hUNIFORM)/huNIPOFtM

Negative values for hREL correspond to heat loads lower than

for the uniform inlet temperature case.

Since the heat transfer coefficients were calculated from

h = qWALL/(_IN -- TWALL), and _IN -- TWALL is the same for

both profiles, changes in heat transfer coefficient are equiva-

lent to changes in heat flux at the surface. The midspan driv-

ing potential for the radial temperature profile, TI_N --TwALL,

is greater than the driving potential for the uniform temper-

ature profile by a factor of 1.34. The ratio of a nonuniform

maximum thermal driving potential to the uniform midspan

potential is given by:

(T/p-MAX -- TWALL)NONUmrORM
8NU =

(T/N - TWALL)UNIFORM-MIDSPAN

If the radial nonuniformity did not influence the flow

field, the midspan heat transfer should increase by the same

amount as 0. The midspan heat transfer does not increase

-3

a) Vane surface

hREL

b) Hub wall

Fig. 4 Heat transfer distribution - radial profile
relative to uniform profile

by this ratio, indicating that redistribution of the stator flow

field affected midspan heat transfer. The maximum increase

in midspan heat transfer was only about half of the increase

in driving potential, and occurred along the suction surface.

The pressure surface midspan heat transfer shows only a very

small heat transfer increase due to a radial temperature pro-

file. Away from the midspan the reduced heat transfer with a

radial temperature profile is expected. Near the endwalls the

inlet gas temperature is less than the average temperature.
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Fig. 5 Tangentially varying stator inlet temperature
profile.

Analysis of the effects of radial temperature distribution

on vane surface heat transfer for three other stator configura-

tions showed similar trends to that seen in figure 4. The in-

crease in midspan suction surface heat transfer was less than
the increase in 0, and the increase in midspan pressure sur-

face heat transfer was very small. The less than anticipated

rise in midspan heat load with a radial temperature profile
was investigated in detail. The choice of turbulence model

did not cause the lower than expected heat load. Cases were

run where the transition was allowed to occur according to

the transition criterion of Mayle(1991). Surface heat trans-

fer was calculated for both uniform and radial profile cases
using this transition criterion. For these cases the flow in the

leading edge region was laminar. The relative heat transfer

in the midspan leading edge region was similar to the fully

turbulent analysis. Analysis of the flow fields for the two

inlet temperature profiles indicated that the lower than ex-

pected heat transfer was due to redistribution of the flow in

the presence of the inlet radial temperature profile. For these

annular cascades there is greater blockage near the hub com-

pared to midspan. Even for the uniform inlet temperature

case there are radially outward velocities at midspan. The

flow distributions were examined along midspan grid lines

emanating from the vane leading edge. When a radial tem-

perature profile was present the radial velocities were signifi-

cantly greater. In the vane region there was greater transport

of fluid from the hub past the midspan region. For the radial

temperature profile the gas temperature close to the hub was

colder than for the uniform temperature profile. At midspan,

colder fluid from the hub region lowered the temperature of

the fluid near the leading edge. This resulted in the lower
than expected heat transfer. A further indication that radial

redistribution of the flow caused lower than expected heat

load came from the spanwise average heat transfer. In the

leading edge region the spanwise average heat transfer for

the radial inlet profile case was within 1% of the spanwise
average for the uniform inlet case.

Figure 4b shows the stator hub endwall relative heat

transfer. Since the inlet temperature profile looks somewhat

like a very thick thermal boundary layer, it is not surprising
that endwall heat transfer is lower for a radial temperature

profile. For most of the passage region the decrease is be-

tween 40 and 50%. This decrease is somewhat greater than

the increase in midspan driving potential with the radial tem-

perature gradient. Thus a 1% increase in 0 results in nearly

a 1.3% decrease in endwall heat load. It is expected that

this ratio would be somewhat affected by the shape of the
inlet radial temperature distribution. The relative decrease

is lowest for a small region just in front of the leading edge.
This is the result of the horseshoe vortex convecting fluid

with a higher than average temperature towards the end-

wall. Although not shown, the results for the casing endwall

were very similar to the hub endwall heat transfer. Overall,

the surface heat transfer is lower with a radial temperature
gradient than with a uniform inlet temperature.

Figure 5 shows the temperature profile used to determine

the effects of a tangentially varying inlet temperature nonuni-

formity. The temperature distribution is periodic, and again

the average inlet temperature is the same as the uniform

inlet case. The maximum value for T'/Tm of 1.17 corre-

sponds to 0 = 1.46. The midspan thermal driving potential,
TIIN -- TWALL, varies between 54% and 146% of the uniform

inlet midspan driving potential, giving a range of nearly 90%

in the midspan value. The tangential location of the maxi-

mum temperature was varied by rotating the profile in the

tangential direction. Four cases were run, with the location

of the maximum temperature moved a quarter of the period
in each case.

It is unlikely that the pitch of an actual combustor exit

profile will equal a vane pitch, Crocker et a1.(1994). There-

fore, the heat transfer distribution for a particular vane is un-

likely to be determined by the analysis for a particular com-

bustor exit pitchwise total temperature distribution. What

is of interest, however, are comparisons of the averaged heat
transfer distribution and the range of heat transfer expected

from the tangential nonuniformity. Figure 6 shows a compar-

ison of the heat transfer distribution obtained by averaging
at each surface location the results from the four total inlet

temperature distributions. Relative heat transfer



  pressure
a) Vane surface

hREL

hRANGE

b) Hub endwall

Fig. 6 Heat transfer distribution - average of four
tangential locations relative to uniform
profile.

rates are shown using the uniform inlet temperature case as

the baseline. For the pressure surface there is little differ-

ence between the uniform inlet temperature profile and the

average of the four tangential profiles. There is an increase
of more than 20% in heat load for much of the suction sur-

face above midspan for the average of the nonuniform inlet

temperature cases. The pitchwise and radial variations in

inlet total temperature produced similar effects for the vane
surface heat transfer.

Hub heat transfer results are somewhat different from

the vane surface results. Comparing the average of the

nonuniform to uniform inlet temperature results shows an
increase in average hub surface heat transfer for the forward

b) Hub endwall

Fig. 7 Range in heat transfer resulting from four
different pitchwise positions of tangentially
varying inlet temperature profile.

part of the passage. There is heat transfer decrease for the
rearward part of the passage. Figure 6 shows a large in-

crease in the relative heat transfer as a result of tangentially

nonuniform temperatures in the region just in front of the

vane. These results are similar to those shown in figure 4 for

the radial nonuniformity, but the peak is further in front of

the leading edge. The increase in average heat transfer of up
to 60% occurring in front of the leading edge may be some-

what misleading. In this region, as shown in figure 2, the

base case has low heat transfer. Within the stator passage

the change in hrtEL are on the same order as 0 (1.46).



Therangeof surfaceheattransferresultingfrom the
differentpitchwiselocationsofthemaximumtemperatureis
givenin figure7. Therangein heattransferisgivenby:

hMA X -- hMi N
hKANGE = 100 X

At each surface point h is the mean of the values determining

the range.

Much of the suction surface shows that the range in heat

transfer is approximately 70 to 80%. This closely approxi-

mates the 90% range in the inlet midspan driving poten-

tial. A 1% variation in tangential driving potential results

in nearly a 1% variation in suction surface heat load. The

average range in pressure surface heat transfer is about the

same as the suction surface average. However, locally the

maximum range is 130%. At this location a 1% variation

in inlet driving potential results in nearly 1.5% variation in

heat load. A vane placed so as to experience the hottest
tangential temperatures is expected to have a heat load in-

crease at least as great as the value of 0 for the combnstor

tangential nonuniformity. On the hub endwall, only in the

leading edge region does the variation in heat load driving

potential exceed the variation in driving potential. For the
rest of the endwall the variation is somewhat less. Wherever

hRANGE > 2 × (/9 -- 1), a vane passage placed so as to experi-
ence the hottest tangential temperature is expected to have

a heat load increase greater than 8.

Figure 8 shows total temperature distributions at 0.20c_
behind the vane for the six cases considered. Thesuction

surface is to the right of the wake centerline, and the pres-

sure surface is to the left. Because the stator is cooled, the
minimum temperature location shows the wake centerline

position. The uniform inlet temperature case has a total

temperature ratio less than 0.96 for about 10% of the pas-

sage width. Consequently, the driving potential is lowered by
more than 9% of the average over the entire plane for about

10% of the passage width. The endwall thermal boundary

layers are thin. There is a low total temperature region near

the hub and adjacent to the suction side of the wake. For the

radial inlet temperature distribution the wake significantly
affects the total temperature profile. On the pressure side of

the wake hot fluid from the midspan region is brought closer

to the hub by secondary flows. Overall, secondary flows are

seen to significantly affect the total temperature profile.

The wake total temperature distributions for the four

inlet profiles with tangential variations depend on the peak

inlet temperature location. Figures 8c and 8e show that for

the profile shown in figure 5, and the profile displaced 1/2 a
pitch, the inlet tangential variation is generally observed at

the exit. The profile displaced 3/4 of a pitch, and to a lesser

extent 1/4 of a pitch, showed strongly distorted exit total

temperature profiles. Overall, tangential variations in inlet

temperature significantly affect exit temperatures.

a) Uniform inlet temperature profile
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b) Radially varying inlet temperature profile
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c) Tangentiallyvaryingprofile- 0 shift



d) Tangentially varying profile - shifted 1/4 pitch
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Fig. 8 Total temperature distribution 0.2c x behind vane.
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b) Hub endwall

Fig. 9 Nusselt number distribution for rotor of
transonic turbine

Rotor heat transfer.

As mentioned previously, the coordinates of the total

temperature profiles shown in figure 8 and other flow vari-

ables were geometrically scaled, and used as input for the ro-

tor heat transfer analysis. For each of the six profiles shown

in figure 8, the flow variable coordinates were rotated so that
the wake location was at different rotor inlet tangential co-

ordinates. Cases were run for rotations of 0, 1/3, and 2/3's

of the rotor pitch for each of the six profiles. For each of the

six profiles a fourth reference case was run in which the inlet

profiles were averaged in the tangential direction.
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c) Blade surface - range in heat transfer
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b) Hub endwall - average heat transfer

Figure 9 shows rotor heat transfer distributions on the

blade surface and hub endwall for the uniform stator in-

let temperature case. The flow variables at the stator

exit were averaged in the tangential direction. Heat trans-
fer rates are in terms of Nusselt number. Here Nu =

qWALLc/k(_N)/(_N -- TWALL). The high leading edge re-

gion heat transfer results from assuming fully turbulent flow.

There is little spanwise variation along the pressure surface.

Along the suction surface there are very high gradients near

the blade tip. The average tip region heat transfer is high due

to clearance flow. The analysis was done for a 1% clearance
gap. The high heat transfer values on the suction surface and

the large spanwise gradients near the tip are consistent with

results reported by Ameri and Steinthorsson(1995) using a
different analysis. Calculations with zero clearance showed

much smaller gradients near the tip of the rotor.

d) Hub endwall - range in heat transfer

Fig. 10 - Effect of not averaging stator exit flow
field on rotor surface heat transfer.

Uniform stator inlet temperature profile.

Chordwise hub surface heat transfer gradients upstream

of the leading edge result from assuming endwall surface

rotation started 0.20c_ upstream of the leading edge. Up-

stream of this location the hub surface was stationary. Be-

cause of the high inlet velocity, there is a region of very high

heat transfer in front of the rotor. For most of the passage

region the heat transfer is fairly uniform.

Figure 10 compares the local heat transfer obtained by

averaging the results of three calculations with the tangen-

tially averaged result for the uniform stator inlet temperature

case. Three calculations were done using the stator exit

10



suction pressure

hREL

b) Hub endwall

Fig. 11 Rotor heat transfer distribution - radial
profile relative to uniform stator inlet
profile. Tangentially averaged results.

profile shown in figure 8a positioned at different rotor in-

let locations. The largest increase in rotor heat transfer is

beyond midspan on the pressure surface. The increase ex-
ceeds 20%. The difference in hub heat transfer for the two

approaches for calculating rotor heat transfer is small.

The range in surface heat transfer resulting from posi-

tioning the stator exit flow field at different rotor inlet loca-
tions is also shown in figure 10. The range in heat transfer

can be thought of as the variation in heat transfer due to the

position of the stator wake at the rotor inlet. Although not

shown, there is an accompanying range in surface pressures
resulting from the varying stator wake positions. The results

show the range in heat transfer due to the rotor seeing the

stator wakes at different locations. However, they may not

completely represent the range in rotor heat transfer due to

rotor-stator interactions, since unsteady effects are not ac-

counted for. The rotor surface range in heat transfer is, as

would be expected, large at the leading edge. Along the pres-

sure surface the range is largest near the tip. The range is

highest near the leading edge, and decreases in the chordwise

direction. Along the suction surface the range decreases go-

ing from the leading to trailing edge. In the suction surface

tip region there are again large gradients for the range in

heat transfer. Because the suction surface tip region shows

high gradients in heat transfer for all cases, the values for the

range in this region should be treated with caution. Smooth-

ing of the range values in this region is probably appropriate.
The endwall heat transfer shows trends similar to those of

the rotor blade. Near the leading edge, and close to the

pressure surface, the range values are highest and decrease

through the passage.

Relative heat transfer for the radial inlet case is shown

in figure 11. Heat transfer obtained using the radially vary-

ing stator inlet total temperature profile shown in figure 3 is

compared with the uniform stator inlet temperature profile
heat transfer. For the comparisons the stator exit flow vari-

ables were averaged in the tangential direction. The midspan

region experiences the full increase in heat transfer due to the

increase in midspan driving potential. The only region that

shows a significant reduction in heat load is the rear part of
the suction surface blow midspan. Overall, there is a gen-
eral increase in rotor heat load due to the stator inlet radial

temperature distribution.

As expected, the hub endwall heat transfer decreases

with a radial inlet temperature distribution. The average de-
crease in heat load is between 30 and 40%. These values are

close to the increase in midspan driving potential for the ra-

dially varying case. It should be noted that the heat load for

the radially varying case approaches the uniform inlet tem-
perature case close to the pressure surface. Secondary flows

result in higher temperature midspan fluid flowing down the

pressure surface and across the hub endwall.

Figure 12 shows comparisons with experimental data.

The predictions use the tangentially averaged stator exit con-
ditions as input for the rotor analysis for both the uniform

and radial stator inlet temperature profiles. Here the Nus-

selt number is defined as was done for the experimental data.

g u = qwa LLCx / k (TwA bb) / (TI_oTOR - IN -- TWALL). The tem-
perature difference is now based on rotor relative total tem-

perature. For both the uniform and radially varying stator

inlet temperature cases the analysis underpredicts the rotor

heat load. The largest underprediction occurs along the for-

ward part of the pressure surface. The results in figure 10

show that, if the average of individual rotor inlet cases was
used to determine the rotor heat transfer, the agreement with

11
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Fig. 13

the pressure surface data would improve. ['or the rear part
of the suction surface the analysis underpredicts the heat
transfer at 79% of span. Figure 9 shows this to be in a region
of very rapidly changing heat transfer, and small changes in
surface position can affect the agreement. Calculations at
85% of span show good agreement with the experimental
data at 79% of span. Figure 12c shows that the ratio of
surface heat transfer with a varying inlet profile to the heat
transfer with a uniform inlet profile agrees reasonably well
with the experimental data.

Next the question of how much the local rotor heat trans-
fer is changed by assuming a tangentially averaged profile is
addressed. Figure 10 showed the effects of a tangentially
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Fig. 13 Effect of tangentially varying rotor inlet

conditions on surface heat transfer. Radial

stator inlet temperature profile.

nonuniform rotor inlet flow field on the rotor average heat

transfer and the range in heat transfer seen by the rotor.

Figure 13 presents the same comparisons as figure 10, but
for the case with a radial stator inlet temperature profile.

Figure 13 shows the effect of not averaging the stator exit

flow field in the tangential direction on surface heat transfer.

The rotor average heat transfer and range in heat transfer

with a radially varying stator inlet profile show the same

behavior as the uniform stator inlet temperature profile case.

The increase in hub heat transfer is nearly the same as for

the uniform stator inlet temperature profile case. However,

b) Hub endwall
20-

Fig. 14 Average rotor heat transfer for tangentially varying
stator inlet temperature profile relative to uniform
stator inlet profile.

the range in heat transfer is considerably greater. This is not

unexpected, since the hub heat transfer level is considerably

less for the radially varying stator inlet temperature case.
The last question to be addressed is whether the local

rotor surface heat transfer is affected by a tangential varia-

tion in the stator inlet temperature profile. Figure 8 showed

different degrees of distortion at the stator exit depending

on the location of the peak total inlet temperature relative

to the stator leading edge. Figure 14 shows the ratio of the

average heat transfer for all tangentially varying stator in-

let total temperature cases to the uniform inlet temperature

heat transfer. The reference case for this comparison is not

the uniform stator inlet case with the flow field averaged in

the tangential direction. The reference case in this figure is

13
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Fig. 15 Range in rotor heat transfer for tangentially
varying stator inlet temperature profile.

the average of the calculations made for the stator wake in
three rotor inlet locations. The reference case is the rotor

heat transfer for the uniform stator inlet temperature profile.

The average heat transfer for a stator inlet tangential tem-
perature variation was determined from twelve cases. The

twelve cases come from four locations of the stator inlet peak
total temperature, and each profile's stator exit distribution

at three rotor inlet locations. The rear portion of the pressure
surface is higher by about 20% for the variation in stator in-

let profile. This is consistent with the segregation of hot and

cold fluid within the rotor measured by Butler et al. (1986).

For the nonuniform cases the suction surface heat load is

higher above midspan, but lower below midspan. This could

be the result of flow through the clearance gap from the
pressure to suction surfaces. On the hub surface the heat

load is unaffected by the stator inlet temperature variation,

except near the rotor leading edge plane.

Figure 15 shows the heat transfer range for the tangen-

tially varying case. On the blade surface the range is about

the same as shown in figure 9 for the uniform stator inlet

case. On the hub endwall the range is somewhat higher than
for the uniform inlet case.

CONCLUDING REMARKS

Radial temperature profiles typical of those at a combus-
tot exit resulted in decreased heat transfer on the stator and

increased heat transfer on the rotor. As expected, the radial
temperature variation reduced the heat load on the stator

endwalls, and on the vane surface close to the endwalls. The

increase in midspan heat load was less than would be cal-

culated assuming that the heat load is proportional to the

increase in gas-to-wall temperature difference.

Tangentially varying stator inlet profiles showed that the

average stator heat load is only slightly affected by the tan-

gential variation. However, the range in heat transfer indi-
cated that a vane directly in front of a combustor inlet hot

spot is likely to see a heat load increase proportional to the

thermal driving potential. For the vane endwall the largest
increase in heat load due to a combustor exit hot spot was

in the forward part of the passage.

The rotor heat transfer due to positioning a wake at

different locations in the rotor inlet plane was determined.
These results were compared with the heat transfer calcu-

lated by averaging the stator exit flow field in the tangential

direction. The principal change was higher heat transfer on

the pressure surface for the average of individual calcula-

tions. This result is consistent with the segregation of hot

and cold fluid as measured by Butler et a1.(1986).

Overall there was a slight increase in rotor surface heat

transfer for the radial variation in temperature case. How-

ever, there were large increases in rotor heat transfer for the
pressure surface of the rotor. These results were consistent

with the experimental measurements of Shang et a1.(1996),

and were again consistent with segregation of hot and cold

fluid in the rotor as measured by Butler et a1.(1986).

The approach taken in this analysis in which an inher-

ently unsteady phenomena was modeled in a quasi-steady
manner resulted in an envelope of heat load for the rotor.

Future work would be to investigate whether this envelope is

a reasonable estimate of the envelope of rotor heat transfer
seen by actual rotors.

Results were shown for one stage at one operating point.

The approach used accurately predicted the change in rotor

14



heattransferdueto astatorinletradialtemperaturevaria-
tion.Thoseresultswhicharesignificantfromadesignpoint
shouldbeverifiedby comparisonswithexperimentaldata.
Doingsowouldincreaseconfidencein thisapproachto pre-
dictingboththeeffectsofcombustorexittemperaturevaria-
tionsonbladerowheattransfer,andtherangeinheattrans-
ferdueto rotorinlettangentialnonuniformities.Thecalcu-
latedrangein heattransfer,andtheaccompanyingrange
in surfacepressuresshouldbecomparedwithexperimental
datato determineif theresultsprovideanapproximationfor
unsteadyeffects.
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